Urbanization is associated with shifts in human lifestyles, thus possibly influencing the diversity, interaction and assembly of gut microbiota. However, the question regarding how human gut microbiota adapts to varying lifestyles remains elusive. To understand the relationship between gut microbiota and urbanization, we compared the diversity, interaction and assembly of gut microbial communities of herdsmen from three regions with different levels of urbanization, namely traditional herdsmen (TH), semi-urban herdsmen (SUH) and urban herdsmen (UH). The relative abundance of Prevotella decreased with the degree of urbanization (from TH to UH), whereas that of Bacteroides, Faecalibacterium, and Blautia showed an opposite trend. Although the alpha diversity measures (observed OTUs and phylogenetic diversity) of gut microbiota were unaffected by urbanization, the beta diversity (Jaccard or Bray-Curtis distances) was significantly influenced by urbanization. Metagenome prediction revealed that the gene functions associated with metabolism (i.e., carbohydrate and lipid metabolism) had significant differences between TH and UH. Network analysis showed that the modularity increased with the degree of urbanization, indicating a high extent of niche differentiation in UH. Meanwhile the trend of network density was opposite, indicating a more complex network in TH. Notably, the relative importance of environmental filtering that governed the community assembly increased with the degree of urbanization, which indicated that deterministic factors (e.g., low-fiber diet) play more important roles than stochastic factors (e.g., stochastic dispersal) in shaping the gut microbiota. A quantification of ecological processes showed a stronger signal of variable selection in UH than TH, implying that different selective pressures cause divergent gut community compositions due to urban lifestyles. Our results suggest that beta diversity, network interactions and ecological processes of gut microbiota may reflect the degree of urbanization, and highlight the adaptation of human gut microbiota to lifestyle changes.
INTRODUCTION
Ecological migration has become a common strategy for environmental protection in China to cope with environmental risk and stress. It refers to the transition of human lifestyle from traditional rural to modern urban (Jia, 2016) . The process of urbanization is associated with the shifts of lifestyle factors, such as diet and geography. These lifestyle factors have influenced the composition of gut microbial communities according to cross-cultural comparative microbiota analyses (Obregon-Tito et al., 2015; Gomez et al., 2016; Winglee et al., 2017) . Particularly, in comparison with the traditional rural cultures, urbanization or industrialization may result in decreased microbial diversity, including loss of bacterial taxa associated with dietary fiber, and increased bacterial lineages associated with animal protein-rich or industrial food (Martinez et al., 2015; Gomez et al., 2016; Winglee et al., 2017) . Urban diet and lifestyles may shape some specific gut bacterial taxa, which play important roles in high incidence of various diseases, such as obesity, diabetes, cancer and cardiovascular diseases (O'Keefe et al., 2015; Zhou et al., 2015; CarrilloLarco et al., 2016; Song et al., 2016) . Thus, comparative analysis of gut microbiota among human populations in different levels of urbanization will facilitate our understanding regarding the effects of urban diet and lifestyles on human health.
Previous studies have revealed several some potential associations between the gut microbial diversity and urban (or industrial) diet or lifestyles based on cross-cultural comparative microbiota analyses (Schnorr et al., 2014; Obregon-Tito et al., 2015) . However, most of these studies focused on human subjects with different ethnicities and cultures, or people living in geographically distant regions. Only few studies have explored the relationship between gut microbial diversity and the degree of urbanization in human individuals who have similar ethnicity, culture and are in close geographical areas. In addition to microbial diversity, gut microbes may form networks through various interactions (Ramayo-Caldas et al., 2016) , such as competition and mutualism. These network interactions are common and particularly important for understanding the structure of gut microbial communities, and may reveal the niche shared by community members (Faust and Raes, 2012; Kara et al., 2012) . Recent studies have investigated the large and complex microbial communities, and revealed several new unseen network co-occurrence patterns, including niche specialization, strong non-random associations (Faust and Raes, 2012) and succession of deterministic processes based on network topology (Lin et al., 2017) . Thus, network analysis of gut microbial communities may reveal several common system-level properties associated with specific lifestyle.
Although several reports have shed light on the composition and diversity of traditional rural and urban people (Schnorr et al., 2014; Gomez et al., 2016) , relatively few studies were involved in the ecological processes that govern the gut microbiota. Ecological community assembly involved either stochastic or deterministic processes, or both (Stegen et al., 2012 (Stegen et al., , 2013 Zhou et al., 2014) . When a community is governed by stochastic processes, the composition and diversity are unpredictable. Stochastic events, such as stochastic dispersal, extinction, colonization and drift, may play a major role in the assembly of microbial communities (Purves and Turnbull, 2010; Rosindell et al., 2012) . Controlling the community diversity by regulating external environmental factors seems impossible. In contrast, when a community is shaped by deterministic processes, the community diversity and structure are directional and predictable. Filtering or selection may result in the formation of similar communities in similar environmental conditions (Zhou et al., 2014) . External environmental factors may regulate and control the community structure, diversity and directionality. Vellend's community ecology theory assumes that community diversity is formed by four ecological processes, namely selection, dispersal, diversification and drift (Vellend, 2010) . Diversification processes are relatively important at long evolutionary scales. Thus, Vellend et al. (2014) only focused on the remaining three ecological processes, that is, selection, drift and dispersal. They considered that selection belongs to deterministic processes, drift belongs to stochastic processes, and dispersal may be deterministic, stochastic or both processes, depending on the situation (Vellend et al., 2014) . All the three processes may govern the assembly of the gut microbiota in some ecological systems (Yan et al., 2016) . However, the ecological processes are dynamic and changeable in different systems. Previous studies mainly focused on gut microbial diversity and urbanization (Schnorr et al., 2014; ObregonTito et al., 2015) , however, the relative contribution of the ecological processes in response to urbanization remains unclear. Addressing this issue may help us understand the community assembly mechanisms in response to host ecology. Here, we determine how the diversity, interaction and assembly of gut microbiota changes in response to recent urbanization.
China is an ideal place to investigate the relationship between urbanization and gut microbiota, because many areas (e.g., Sanjiangyuan) in this country have only began to undergo massive urbanization due to the implementation of ecological immigration policy. In the Qinghai-Tibet Plateau, a mix of traditional herdsmen (TH), semi-urban herdsmen (SUH) and urban herdsmen (UH) may be observed, indicating the large differences in major urbanization-related shifts (e.g., diet). In this study, we analyzed and compared the diversity, interaction and assembly of gut microbial communities of TH, SUH, and UH in Tibet in the Qinghai-Tibet Plateau. We addressed the following four major questions: (a) How do bacterial taxa and diversity change in response to urbanization? (b) Which gene functions show differences between traditional and urban herdsmen? (c) Which network topological characteristics of the gut microbiota reflect the degree of urbanization? (d) Is there a link between community assembly processes and degree of urbanization? Our results demonstrated that diversity, network interactions and ecological processes of the gut microbiota in Tibetan herdsmen may reflect the degree of urbanization.
MATERIALS AND METHODS

Study Sites, Sample Collection and Ethical Standards
Fresh stool samples were collected from 24 individuals from Hainan State on the Qinghai-Tibet Plateau. Since 2004, the state started to implement the ecological immigration project. The lifestyle of the traditional Tibetan herdsmen has undergone considerable changes, and several herdsmen are experiencing a transition in lifestyle from traditional to semi-urban to urban. The samples were collected from September to October of 2016 with consent from the 24 individuals. A total of 24 samples were collected from the three adjacent areas of the Hainan State. These samples were divided into three groups, namely TH (N = 8), SUH (N = 8), and UH (N = 8). (−196 • C ). All samples were transferred to our laboratory within 24 h and kept at −40 • C until DNA extraction.
Our work was approved and supported by the Ethics Committee of Chengdu Institute of Biology, Chinese Academy of Sciences. Written informed consents from all the participants were submitted to the ethics committee. Sample collection strictly followed the relevant guidelines.
Sample Preparation and High-Throughput Sequencing
Genomic DNA was extracted from stool samples using the MoBio PowerSoil Kit (Mo Bio Laboratories Inc., Carlsbad, CA, United States). Detailed procedures of PCR amplification and gel extraction were performed as described previously (Li et al., 2016a,b,c) . The V4-V5 region of the microbial 16S rRNA gene was PCR-amplified using the universal primer pair 515F/909R (Tamaki et al., 2011) . The 5 -end of the 515F primer was tagged with 12-bp unique barcodes to split the sequences of each sample. PCR amplification was performed in duplicate for each sample to minimize bias. Finally, the purified PCR products were pooled in equal molar concentrations and sequenced using an Illumina MiSeq sequencer (Illumina, San Diego, CA, United States) with a paired-end protocol of 300 cycles (Reagent Kit V3).
Bioinformatics Analysis
The raw sequences were analyzed and processed in the Quantitative Insights Into Microbial Ecology (QIIME v1.7.0) pipeline (Caporaso et al., 2010) . The paired-end sequences were merged with FLASH software (Magoc and Salzberg, 2011) . Sequences of each sample were split based on their unique barcodes. Sequence analysis followed the methods in our previous reports (Li et al., 2016a,b,c) . Briefly, after filtering lowquality sequences, chimeras and chloroplasts, all the remaining sequences were then clustered into operational taxonomic units (OTUs) at a 97% sequence similarity using UCLUST algorithm (Edgar, 2010) . The most abundant sequence of each OTU was selected as representative sequence and then aligned against the Greengenes 13_8 reference database (DeSantis et al., 2006) using PyNAST. Representative sequences were classified using the RDP classifier (Wang et al., 2007) . After microbial taxonomies were assigned, OTUs that were affiliated with Eukaryota, Archaea, and those not classifying to bacteria were removed from our datasets. Singletons were also filtered out. The OTU table was converted and filed in BIOM format for the subsequent analysis.
In order to correct for uneven sequencing depth, each sample was normalized to 24,447 sequences. To evaluate alpha diversity indices, observed species and phylogenetic diversity were calculated for each group. In addition, the rarefaction curves based on the observed species at OTU level were calculated. To assess beta diversity, we calculated the Jaccard (for community composition) and Bray-Curtis dissimilarity metrics (for community structure) of bacterial communities (Dill-McFarland et al., 2015) . The Jaccard distance is based on the presence/absence of OTUs, whereas the Bray-Curtis distance is based on the abundance of OTUs. The differences in the overall community composition and structure among all groups were visualized using the non-metric multidimensional scaling (NMDS) ordination plots of Jaccard and Bray-Curtis distance matrices.
The original 16S rRNA data were available at the European Nucleotide Archive by accession NO. PRJEB23227
1 .
Statistical Analysis
To compare the differences of bacterial communities among lifestyles, permutational multivariate analysis of variance (PERMANOVA) (McArdle and Anderson, 2001 ) and analysis of similarity (ANOSIM) (Dill-McFarland et al., 2015) were used to evaluate whether gut microbiota structure was significantly different based on the Jaccard and Bray-curtis distances using the 'adonis' and 'anosim' procedure in the R 'vegan' package. The model also comprised some other host characteristics, including age, body weight, height and gender. Mann-Whitney U-tests were used to identify differences of alpha diversity measures among groups, and to compare intra-and inter-group dissimilarities in gut microbiota composition. The indicator value (IndVal) was employed to identify the indicative bacterial genera (mean relative abundance > 0.1%) associated with each group (Dufrêne and Legendre, 1997) . Only those IndVals that were significant (P < 0.05) and more than 0.4 were considered using the package 'labdsv' in R (Roberts, 2007) . P-values were corrected using false discovery rate (FDR). Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSTv1.1.2) (Langille et al., 2013) was used to predict the abundance of gene functions based on our 16 S rRNA sequences. The average Nearest Sequenced Taxon Index values of all the samples (0.12 ± 0.04) suggested the comparable predictive accuracy of our communities compared with those achieved for mammalian gut microbiotas (Langille et al., 2013) . The NMDS plots of the Bray-Curtis dissimilarity based on the gene functions at level 3 was calculated to investigate the overall functional differences among groups. PERMANOVA and ANOSIM were used to evaluate the differences in functional profiles among groups. Significant differences (t-tests, Bonferroni-corrected) of the predicted gene functions were tested between TH and UH at level 3.
Network Analysis and Putative Keystone Taxa in Herdsmen
Phylogenetic molecular ecological networks (pMENs) were constructed using an open-accessible pipeline (Deng et al., 2012) to identify the interspecies interaction of gut microbiota in the three groups (TH, SUH, and UH). The procedure of network construction was described previously . We used the same cutoff values (0.89) for different networks (FDR-q < 0.001). A set of topological features were calculated, including the modularity (M), average degree (avgK), average clustering coefficient (avgCC), density (D), connectedness (Con) and positive co-occurrences (Deng et al., 2012) . The ecological networks were visualized using Cytoscape 3.0.2 (Saito et al., 2012) .
To identify the keystone species in bacterial networks, the within-module connectivity (Zi), and among-module connectivity (Pi) were calculated based on the methods of Deng et al. (2012) . Hub and connector taxa were determined by Zi and Pi values. All nodes in a network were divided into four categories, including peripherals (Zi < 2.5 and Pi < 0.62), connectors (Pi > 0.62), network hubs (Zi > 2.5 and Pi > 0.62), and module hubs (Zi > 2.5). Those nodes belonging to module hubs, network hubs and connectors were regarded as putative keystone species in the microbial community . The keystone specie of the group TH, SUH, and UH were identified following the aforementioned rules.
Evaluation of Ecological Processes for Community Assembly
Community assembly is governed by either deterministic or stochastic processes, or both (Stegen et al., 2012 (Stegen et al., , 2013 Zhou et al., 2014) . First, to understand the overall ecological processes based on taxonomy-based distance metrics, a null model analysis was performed to reveal whether the observed beta diversity values (Jaccard and Bray-Curtis distances) were significantly different from the null expectation based on permutational analysis of multivariate dispersion (PERMDISP) (Werner and Nicholas, 2010; Zhou et al., 2014) . If the observed beta diversity was significantly distinct from the null model, then deterministic processes play a major role in the community assembly. Conversely, if the observed beta diversity was not significantly different from the random null model, then stochastic processes play a more important role in the community assembly. In addition, Nearest Taxon Index (NTI) and Mean-nearesttaxon-distance (MNTD) were used to qualitatively evaluate the deterministic or stochastic processes of community assembly (Meyerhof et al., 2016; Yan et al., 2016) based on phylogenetic diversity. These phylogenetic analyses were performed using the 'picante' package (Kembel et al., 2010) and employing the ses.mntd command with null model = 'taxa. labels' and abundance.weighted = TRUE with 1000 randomizations. The ses.mntd command simulates a null distribution of MNTD values and calculates the difference between the observed MNTD and the mean expected MNTD divided by the standard deviation of the expected values. NTI is the negative of the output of ses.mntd and quantifies the number of standard deviations that the observed MNTD is from the mean of the null distribution. If mean NTI values of bacterial communities for each group were significantly greater than 0, then we conclude that community assembly is mainly governed by phylogenetic clustering. If mean NTI values for each group were significantly less than 0, then phylogenetic overdispersion may play a more important role in structuring the microbial community (Stegen et al., 2012) . Further, a larger absolute magnitude of NTI value reflects the stronger effects of deterministic processes (Yan et al., 2016) .
To determine which ecological processes (variable selection, homogeneous selection, dispersal limitation, homogenizing dispersal or drift) may govern bacterial community assembly of each group, the methods of Stegen et al. (2013) were used in calculating the potential ecological processes. Briefly, the phylogenetic diversity of bacterial communities between a pair of samples was calculated. R package was applied to quantify the weighted beta nearest taxon index (β-NTI). The combination of β-NTI and Bray-Curtis-based Raup-Crick (RC bray ) was further used to speculate the relative importance of the major ecological processes that govern the bacterial communities. The values of β-NTI > 2 or <−2 represented the community turnover determined by the variable or homogeneous selection. If −2 < β-NTI < 2 and RC bray > 0.95 or <−0.95, then the community turnover was determined by dispersal limitation or homogenizing dispersal. If 2 < β-NTI < 2 and −0.95 < RC bray < 0.95, then the community turnover was drift (referred to as "undominated" processes) .
RESULTS
Sample Characteristics and Dietary Information
The age, height, weight, and gender of herdsmen were identified (Table 1) . Age, height, and weight showed no significant differences among different groups (one-way ANOVA, P > 0.05). However, the dietary configurations underwent remarkable shifts from TH to SUH to UH. For example, the main food of TH was Zanba (∼50% high-fiber food), while the main diet composition of UH was noodles and rice, which has low fiber content compared with Zanba (Table 1) . In compared with TH, UH had a more diverse food spectrum, including various types of meat, vegetable and fruit ( Table 1) . Figure 1 .
At genus level, we screened 17 indicative bacterial genera (mean relative abundance > 0.1%) that could be distinguishable among the three groups. Only the significant indicator values that were both significant (P < 0.05) and >0.4 were considered ( Table 2) . The most abundant genus in the TH or SUH was Prevotella, with an average abundance of 45.86 and 36.14%, respectively. However, the UH was enriched by Bacteroides (19.48%). Interestingly, the relative abundance of the dominant Prevotella gradually decreased with the degree of urbanization (from TH to SUH to UH). Meanwhile, some bacterial genera, such as Bacteroides, Faecalibacterium, Blautia, Collinsella, Ruminococcus, Coprococcus, and Dorea, increased with the degree of urbanization.
Variations of Gut Community Diversity With Urbanization
The rarefaction curves almost reached plateau (Supplementary Figure S1 ), indicating that our sequencing depth was sufficient even addition sequencing may acquire some rare bacterial species. For alpha diversity, the observed OTUs and phylogenetic FIGURE 1 | The composition of gut bacterial communities at phylum level in traditional herdsmen (TH), semi-urban herdsmen (SUH) and urban herdsmen (UH). Only those phyla with mean relative abundance > 0.1% across all samples were shown. Only the indicator values that were both significant (P < 0.05) and >0.4 were considered.
diversity of gut microbiota showed no significant changes with degree of urbanization (one-way ANOVA, P > 0.05, Figure 2) . For beta diversity, NMDS ordination plots revealed clear differences in the community composition and structure among the three groups (Figure 3) . We found that lifestyles (or degree of urbanization) significantly influence the community composition (R 2 = 0.204, P < 0.001) and structure (R 2 = 0.308, P < 0.001) based on the PERMANOVA analysis (Supplementary Table S1 ).
To ensure the reliability of our results, ANOSIM analysis was also used to evaluate the differences of gut microbiota among three groups. Similarly, the gut community composition (r = 0.402, P < 0.001) and structure (r = 0.266, P = 0.006) were also impacted by lifestyles (Supplementary Table S1 ). However, the community composition and structure were not impacted by age, gender, height or sex (P > 0.05). We also compared the comparison of gut microbiota between any two groups. The gut community and structure showed significant differences between any two groups based on Jaccard distance. For Bray-Curtis distance, only the group TH and UH showed significant differences in gut microbiota.
The inter-and intra-group dissimilarities in gut microbiota composition were calculated based on the Jaccard and BrayCurtis distance (Figure 4) . The intra-group variation in the group TH was lower than those in other groups. However, the group UH showed a greater variation of gut microbiota than other groups. For inter-group variation between groups, we found that the group TH was more similar to the group SUH than UH.
Shifts of Gene Functions With Urbanization
The NMDS plots of the Bray-Curtis dissimilarity based on predicted gene functions at level 3 showed that the overall urban lifestyle showed no significant effects in the functional profiles (PERMANOVA, R 2 = 0.09, P = 0.421; ANOSIM, r = 0.011, P = 0.372, Supplementary Figure S2 ). When we compared the functional profiles between any two groups, we found that only the TH and UH had slightly different functional profiles (PERMANOVA, R 2 = 0.141, P = 0.094; ANOSIM, r = 0.149, P = 0.074). Thus we compared the differences between the group TH and UH. The main functions associated with metabolism, such as carbohydrate metabolism, lipid metabolism, metabolism of cofactors and vitamins, biosynthesis of other secondary metabolites, xenobiotics biodegradation and metabolism, showed significant differences between TH and UH (FDR-q < 0.05, Supplementary Table S2 ).
Changes of Network Topological Features With Urbanization
To understand the co-occurrence patterns of gut microbiota among different lifestyles, we evaluated and compared the interspecies interaction in each group. The OTU table was FIGURE 2 | The comparison of alpha diversity indices (observed OTUs and phylogenetic diversity) among three different groups. Significant differences are indicated by different letters. There are no significant differences between any two groups. FIGURE 4 | Intra-and inter-group variations of the gut microbiota of the 24 herdsmen that were sampled in all three groups. Significant differences are indicated by different letters.
split into three datasets, namely TH, SUH, and UH. The OTUs detected in more than 50% samples in each group were selected for correlation calculation, and finally resulting in 545, 223, and 275 OTUs from the group TH, SUH, and UH, respectively (Figure 5 ). In the three networks, the connectivity distribution curves matched with the power law model (R 2 range of 0.624-0.777), indicating that the constructed networks were scale-free. In other words, the degree distribution of our constructed networks follows the power law, at least asymptotically. The average degree (avgK) and density (D) of SUH and UH were lower than TH, indicating the TH harbored a more complex ecological network (more complex interaction among microbes). However, SUH and UH had higher positive occurrences than TH, suggesting that less cooperative interspecies interaction in the latter. In addition, the connectedness (Con) of TH was higher than SUH and UH, the nodes in the bacterial network from TH were better connected. Moreover, we also found that modularity increased with degree of urbanization (from TH to SUH to UH), indicating that the niches in the UH may be occupied by more different patches of co-existing functional units. Notably, the topological roles of bacterial taxa were distinct among groups (Figure 6 ). For instance, there were more keystone species in the network of TH than those in other groups. Taken together, the urbanization of Tibetan herdsmen seemed to weaken interspecies interactions, and resulted in the shifts of keystone bacterial species in networks.
Dynamics of Ecological Processes With Urbanization
The PERMDISP results were significantly different from the null random expectation for each group based on the Jaccard and Bray-Curtis distances (P < 0.01 in all cases, Table 3 ), indicating that the gut microbiota of those herdsmen were mainly governed by deterministic rather than stochastic processes based on taxonomy-based metrics. In addition, we compared the mean NTI for each group (Figure 7A) via the phylogenetic analysis. Also, the NTI values for each group were significantly greater than zero (P < 0.001), indicating that the compositions of gut microbiota for each group were primarily shaped by phylogenetic clustering (or environmental filtering) based on phylogenetic analysis. The absolute magnitude of NTI values increased with degree of urbanization (from TH to SUH to UH), indicating that the relative importance of environmental filtering increases with degree of urbanization in the Tibetan herdsmen.
In addition, we determined which ecological processes governed the gut microbial communities of those Tibetan herdsmen. The process variable selection, which causes differences in community composition under different selective environments among local scales, was mainly responsible for the assembly of gut microbial communities in Tibetan herdsmen (78.6-89.2%, Figure 7B ), while dispersal limitation, which causes divergence in community composition due to limited exchange of microbes, only contributed 0-10.7% to the community assembly.
DISCUSSION
Urbanization has led to lifestyle changes of Tibetan herdsmen in the Qinghai-Tibet Plateau. However, knowledge regarding how the gut microbiota adapts to the changing lifestyles remains insufficient. Here, we explored the diversity, interaction and assembly of gut microbiota in the Tibetan herdsmen with different levels of urbanization. We found that gut microbiota is influenced by lifestyles, and has a certain adaptation in response to urban lifestyles.
Diversity of Gut Microbiota Reflects the Degree of Urbanization
Recent studies suggest that urbanization was related to a loss of gut microbial diversity in humans (Winglee et al., 2017) . However, our data showed that the microbial diversity of Tibetan herdsmen had no significant differences among different levels of urbanization. This result may be attributed to the following reasons: (i) This study represents an early stage of urbanization (only several years of ecological migration), the loss of gut microbial diversity in response to diet shifts was more pronounced with more new generations (Sonnenburg et al., 2016) ; or (ii) our results was based on the limited sample size (only eight individuals in each group), which may influence the diversity comparison between Tibetan herdsmen. Although there are no statistic significances, we observed a decreased trend of alpha diversity in semi-urban and urban herdsmen compared with traditional herdsmen (Figure 2) . Thus we speculate that if we continue to sample these populations in greater sample size over generations, the differences of gut microbial diversity will become pronounced.
Our results showed that the gut communities were not impacted by age, gender, height or sex, while urbanization lifestyles influenced the community composition and structure. This finding indicated that the variations in microbial lineages and abundance were primarily impacted by urbanization. These results were largely consistent with previous studies, which found that urbanization/industrialized humans had significant different beta diversity of gut microbiota compared with those humans in traditional rural societies (Schnorr et al., 2014; Martinez et al., 2015) . In our study, the dietary configurations have undergone greater shifts from traditional herdsmen (TH) to semi-urban herdsmen (SUH) to urban herdsmen (UH). For instance, the main food in the TH was Zanba (highfiber food), while the main diet composition in the UH was noodles and rice, which has a low fiber content compared to Zanba. Thus, the shifts of diet configurations may shape the beta diversity of gut microbiota. High-fiber diets in traditional Permutational analysis of multivariate dispersions (PERMDISP) was used. P-values < 0.01 were in bold. herdsmen may also influence specific gut microbiota taxa. For example, the genus Prevotella in traditional herdsmen showed a higher abundance than semi-urban and urban herdsmen. High abundance of Prevotella was often associated with the carbohydrate-based or high-fiber diet, a typical characteristic of traditional rural populations, rather than urbanization diet rich in animal protein and high-fat food (Wu et al., 2011) . In contrast, the relative abundance of Bacteroides, Faecalibacterium, Blautia, and Ruminococcus increased with the degree of urbanization, the results were consistent with previous reports, which found that westernized or industrialization societies harbored more these bacterial genera (Yatsunenko et al., 2012; Schnorr et al., 2014) . We found that the urbanization herdsmen harbored similar compositional patterns of abundant microbes with those westernized societies. Possibly because urban lifestyle has resulted in similar gut microbiota compositions in Westernized and Chinese populations. Significant differences were found in the gut microbiota between any two groups based on the Jaccard dissimilarity metrics, whereas only the microbiota of TH showed significant differences with that of UH based on the BrayCurtis dissimilarity metrics. These results indicated that species loss or replacement (changes in species taxa) plays a more important role than species sorting (changes in abundance) from traditional to urban lifestyles. Thus, lifestyle changes should modulate the shifts of species taxa prior to species abundance. Further studies should demonstrate this inference.
We found that gut microbiota composition was more similar among traditional herdsmen than among semi-urban or urban herdsmen (Figure 4) . A possible explanation is that the former has a narrower diet profile than latter because of limited food sources in the traditional herdsmen. Thus less diverse food profile may cause more similar gut microbiota in the traditional herdsmen. Our previous study has shown that the composition and structure of diet were associated with those of gut microbiota (Li et al., 2016a) . In this study, the food profile of traditional herdsmen was more similar to that of semi-urban herdsmen rather than urban herdsmen, thus the gut microbiota of traditional herdsmen was more similar to that of semi-urban herdsmen (Figure 4) .
Relative to divergent gut microbiota composition across groups, we found that urbanization lifestyle had no significant impacts in shaping the overall functions, indicating the functional shifts was probably relatively slower than compositional changes. However, the TH and UH still showed slight differences in the functional profiles. In particular, the functions associated with carbohydrate metabolism, lipid metabolism and metabolism of cofactors and vitamins showed significant differences between the two groups. These results were partly in accordance with previous studies on the gut microbiome of traditional hunter-gatherers, which live on high fiber food and were enriched in carbohydrate metabolism, lipid metabolism, and vitamin metabolism (Rampelli et al., 2015) . The functional differences may be related to the dietary differences between traditional and urban lifestyles, as the urban herdsmen had relatively low-fiber main food (rice and noodle) and more diverse meat, while the traditional herdsmen had high-fiber zanba and less diverse meat.
Network Interaction of Gut Microbiota Is Associated With Urbanization
It is generally accepted that microbial interaction is able to mediate the microbial function (Ramayo-Caldas et al., 2016) . We found that the gut microbial interaction of traditional herdsmen was more complex and better connected (Figure 5) . One recent network analysis showed that obese children had a higher density of gut microbiota compared with normal-weight children, which was consistent with an increased fermentation capacity for food (Riva et al., 2016) . Thus more complex microbial interactions in the traditional herdsmen may be beneficial to the decomposition of indigestible high-fiber food by improving the fermentation capacity. In addition, the gut microbiota of traditional herdsmen exhibited a lower percentage of positive co-occurrence, indicating that the microbial community in traditional herdsmen included more percentage of competition rather cooperative interactions. Strong competition in a diversity community is likely to favor allelopathic species (Inglis et al., 2009; Jousset et al., 2011) . Increased allelopathic interaction may possibly improve the resident microbial community barrier again exotic pathogen invasion (Jousset et al., 2011) . Under this situation, urban populations were likely more prone to pathogen invasion. Indeed, one recent report has showed that urbanization has led to a loss of potentially beneficial bacteria and an increase of potential pathogenic bacteria or genes (Winglee et al., 2017) . Future studies should focus on the relationship between gut microbial interactions, pathogen invasion and diseases.
In particular, we found that the network modularity of traditional herdsmen increased with urbanization (Figure 5) . High modularity value indicates a high level of niche differentiation. It has been shown that increased niche differentiation may result in weaker microbial interactions in the soil (Faust and Raes, 2012) , as was supported by our results, which showed that urban herdsmen harbored less links and density. In our study, the increased niche differentiation in urban populations may be associated with more diverse food, in order to improve the digestion of different diets. Our previous study has also demonstrated that increased network modularity may improve the functional redundancy and efficiency of anaerobic digestion systems (Lin et al., 2017) . In addition, we found that the network of TH group harbored more putative keystone species than SUH or UH, implying that the loss of one keystone species may possibly not influence the community function in traditional herdsmen. However, our network metrics were dependent on limited sample size, sequencing depth and data processing methods, thereby possibly producing some deviations for topological features. For example, to ensure correlation reliability and improve statistical confidence, only those OTUs that were present in at least 50% samples were used for network construction, however, this processing may have influenced the topological features of bacterial networks.
Variable Selection Plays a Major Role in the Assembly of Gut Microbial Communities
Our results showed that the assembly of gut microbiota was mainly governed by deterministic processes, indicating that environmental filtering or host-specific selection may lead to assembly of microbial communities in Tibetan herdsmen. Some host (e.g., host genetics or immunity) or environmental (e.g., diet) factors may enrich or maintain those bacteria that adapted for gut environment. Null model (Jaccard or Bray-Curtis distance) and phylogenetic-based MNTD analysis (NTI) suggested that gut microbial lineages, abundances and phylogenetic distance was likely to be influenced by those deterministic factors. Our results were consistent with the previous studies on the gut microbiota of aquatic animals (e.g., fish and shrimp), which found that gut microbiota was primarily shaped by deterministic processes (Yan et al., 2016; Xiong et al., 2017) . Thus, deterministic processes should play a dominant role in the gut community assembly of mammalian and fish due to the filtering of digestive tract (e.g., gut environment) and selection of host specificity (e.g., body temperature). Notably, we found that the relative contributions of environmental filtering increase with urbanization. Although in traditional populations diet seems to be much more restricted, it would seem that stochastic factors (e.g., stochastic dispersal) may play more important roles in structuring the gut microbiota, thereby resulting in a smaller proportion of environmental filtering for community assembly in TH.
The traditional herdsmen are nomadic and live in tents, thus their houses are always mobile. The rates of inter-individual gut microbial dispersal (which relates to horizontal transmission) is likely to very low compared with urban populations. This hypothesis is concordant with our results, as we did not detect the relative contributions of dispersal in the traditional herdsmen. However, our results did not imply that there was no physical possibility of microbial dispersion, just that microbial dispersion patterns were not reflected in community structure due to the stronger role of selection. In contrast, semi-urban and urban populations have more gathered houses, which may result in more frequent horizontal transmission between individuals. This lifestyle of urbanized herdsmen may increase the rates of microbial transmission among individuals, although not sufficiently to result in homogenizing effects across the population, therefore resulting in a detectable degree of dispersal limitation contributing to the overall beta diversity. Indeed we found that the relative contributions of dispersal limitation in the semi-urban and urban populations were 10.7 and 3.6%, respectively. As the population migration occurred in the current generation starting in 2004, the analyzed fecal samples of SUH and UH correspond to individuals who were relatively recently relocated from their traditional environment toward more urban environments. Further studies should estimate how migration influences microbial community assembly in the gut during urbanization in the longer term.
Variable selection plays a dominant role in the assembly of gut microbiota in each group. The contribution differences of variable selection in the three groups may be derived from different environmental pressures, such as nomadic lifestyle, geography, host genetics and diet. Previous reports showed that there were no major differences of human microbiota between different industrialized countries across nations (Arumugam et al., 2014) , indicating that genetic and geographical factors exert minor effects. Thus, other factors, such as diet, nomadic lifestyle and population density, may shape the ecological processes. There was a stronger signal for variable selection in the urban herdsmen compared with the traditional herdsmen. One possible cause for increased beta diversity in urban populations might be the larger variation in diet among urbanized herdsmen. This would be in line with the increase in variable selection in UH. Also, selection may limit the colonization of foreign species and filter those bacteria that are not adapted for the ecosystem, thus decreasing the alpha diversity (Costello et al., 2012) . Our results support these speculations because urban population, which had high variable selection, harbored lower alpha diversity and higher beta diversity compared with nomadic, traditional herdsmen. However, the accurate assessment regarding the effects of environmental factors on the ecological processes in traditional and urban humans needs further study.
CONCLUSION
We found that the composition and structure of the gut microbiota are associated with urbanization. Fiber-degrading bacteria (e.g., Prevotella) are abundant in the traditional Tibetan herdsmen, whereas those bacteria (e.g., Bacteroides) associated with diets rich in animal protein are dominant in the urbanized herdsmen. In comparison with traditional herdsmen, the microbial interaction of urbanized herdsmen becomes weakened. However, there was a stronger signal of variable selection in the urban than traditional herdsmen, implying that more different selective pressures cause divergent gut community compositions in response to urban lifestyles. These findings indicate that urban lifestyles not only mediate the composition and structure of human gut microbiota, but also influence the microbial interaction and community assembly patterns. Further studies should evaluate the effects of gut microbiota on human health during urbanization.
